Manganese plays an important role in the cellular physiology and 15 metabolism of bacterial species, including the human pathogen, Vibrio cholerae. The 16 intracellular level of manganese ions is controlled through coordinated regulation of 17 the import and export of this element. We have identified a putative manganese 18 exporter (VC0022), named mneA (manganese exporter A), which is highly 19 conserved among Vibrio spp. An mneA mutant exhibited sensitivity to manganese, 20 but not to other cations. In high manganese conditions, the mneA mutant showed an 21 almost 50-fold increase in intracellular manganese levels and reduced intracellular 22 iron relative to its wild-type parent, suggesting the mutant's manganese sensitivity 23 is due to the accumulation of toxic levels of manganese and reduced iron. 24
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Expression of mneA suppressed the manganese-sensitive phenotype of an E. coli 25 strain carrying a mutation in the non-homologous manganese export gene, mntP, 26 further supporting a manganese export function for V. cholerae MneA. The level of 27 mneA mRNA was induced approximately 2.5-fold after addition of manganese to the 28 medium, indicating regulation of this gene by manganese. This study offers the first 29 insights into understanding manganese homeostasis in this important pathogen. 30
Importance. 31
Bacterial cells control intracellular metal concentrations by coordinating acquisition 32 in metal limited environments with export in metal excess environments. We 33 identified a putative manganese export protein, MneA, in Vibrio cholerae. An mneA 34 mutant was sensitive to manganese and this effect was specific to manganese. including genes for manganese homeostasis and virulence (10, 11). 69
The intracellular level of manganese may be regulated through the 70 coordinated activity of import and export proteins. Manganese import in enteric 71 bacteria was initially studied in Salmonella and E. coli (12, 13). These studies 72
showed that manganese import is primarily due to the action of MntH, an NRAMP-73 like import protein, and SitABCD, a periplasmic binding protein-dependent ABC 74 transport system. Interestingly, these systems were both found to also import iron, 75 but with lower efficiency than the import of manganese (13). Genes that encode 76 both MntH and Sit are under the transcriptional control of both the manganese 77 regulator MntR and the iron regulator Fur (9, 14). Homologues of Sit and MntH 78 have subsequently been found in a wide range of bacteria (15), and an additional, 79 unrelated manganese importer, termed MntX has recently been identified in several 80 species (16); however, manganese import systems have not been identified in V. 81 cholerae. Less is known about manganese export, but export genes have now been 82 identified in numerous species (17, 18 Cloning of V. cholerae mneA (VC0022). To construct pmneA, the primers 126 VC0022 For and VC0022 Rev (Table 2) were used to amplify a 988 bp fragment 127 encompassing the mneA coding region using V. cholerae strain O395 whole cells as 128 the template. The resulting fragment was inserted into pGEM-T Easy (Promega). 129
After confirming the sequence, the fragment was sub-cloned as a NotI fragment into 130 the low copy plasmid vector pWKS30 (23). 131
Construction of the mneA (VC0022) mutant. A 2.8 kb fragment was 132 amplified from the V. cholerae strain O395 using primers Big Fragment For and Big 133 Fragment Rev (Table 2) placed at equidistant locations on the surface (5 per plate), and 10 µl of the 146 following metal solutions was absorbed onto individual disks: MnCl2 (100 mM), 147
ZnSO4 (100 mM), Na2MoO4 (100 mM), CdCl2 (100 mM), NiCl2 (100 mM), CoCl2 (100 148 mM), CuSO4 (100 mM), VCl3 (1 M), CrCl3 (1M), and AlCl36 H2O (1 M). After 149 overnight incubation at 37°C, the diameter of the cleared zone around each disk was 150
measured. 151
Manganese Resistance Gradient Plate Assay. Gradient plates were prepared in 152 150 mm square petri plates by setting the plate at a slight angle and pouring in 30 153 ml of LB agar containing 5 mM MnCl2 (S. flexneri) or 1 mM MnCl2 (V. cholerae). After 154 the agar solidified, 30 ml of LB agar was added and allowed to solidify with the plate 155 level on the bench. Plates were prepared fresh for each experiment. After briefly 156 drying the plate, 15 µl of a 1:500 dilution of overnight cultures of the indicated 157 strains were spread on the gradient plate starting at the high concentration side. 158
Cultures were allowed to soak into the plate. The plate was incubated for 18 hours 159 at 37°C and the growth of each strain was evaluated. Identification of V. cholerae mneA. V. cholerae has no genes with homology to 217 those for the manganese importers mntH or sit or to the exporter mntP. To identify 218 genes involved in manganese homeostasis, a cosmid library derived from V. cholerae 219 classical strain CA401 was screened in the S. flexneri mntH sit mutant UR003w. We 220 found that this mutant was sensitive to high levels of manganese (≥2 mM MnCl2), 221 making it useful for screening for resistance, although the reason for its sensitivity is 222 unknown. Cosmids that conferred growth of UR003w on plates containing 2 mM 223
MnCl2 were selected for further analysis. A manganese gradient plate assay was 224 then used to assess the level of manganese sensitivity ( Fig. 2A) , it exhibited an early plateau in 262 medium containing 10 μM MnCl2 (Fig. 2B) . The growth defect in the mneA mutant 263 was complemented by expression of mneA on a plasmid (Fig. 2B) . To determine 264 whether the manganese sensitivity was the result of iron starvation caused by 265 manganese-dependent repression of iron transport genes, or by competition with 266 iron for transport into the cell, the cells were grown overnight in medium containing 267 up to 50 μM MnCl2 with or without the addition of 100 µM FeSO4. Iron suppressed 268 the manganese sensitivity of the mneA mutant in medium containing up to 20 μM 269 MnCl2 (Fig. 3) , suggesting that the effect was related to reduced iron availability. 270
Metal sensitivity of the mneA mutant. Our initial testing did not determine 271 whether the metal sensitivity of the mneA mutant was specific to manganese or 272 whether it included other metals as well. We tested the sensitivity of the V. cholerae 273 wild type and mneA mutant strains with various metals by observing the inhibition 274 of growth of a bacterial lawn around sterile disks infused with a metal solution 275 (Table 3 ). The zone of inhibition around the disk containing MnCl2 was 276 approximately 11 mm for the wild type and 24 mm for mneA, showing significant 277 sensitivity of the mneA mutant to manganese in this assay. In contrast, we found 278 that the sensitivity of the mneA mutant was the same as that of the wild type strain 279 to nickel, copper, zinc, vanadium, aluminum, chromium, cobalt, and cadmium 280 solutions (Table 3) To test this, we used ICP-MS to measure selected intracellular metal concentrations 287 in the wild type and the mneA mutant strains grown in LB medium with or without 288 supplementation with 100 µM MnCl2 (Fig. 4) . During growth in LB medium, the 289 intracellular manganese level was similar between wild type and the mneA mutant. 290
In medium supplemented with manganese, the wild type exhibited an approximate 291 7.5-fold increase in intracellular concentration of manganese compared to un-292 supplemented medium while the increase in the mneA mutant was greater than 45-293 fold in the same comparison. Thus, the mneA mutant was unable to regulate 294 intracellular manganese levels and maintain manganese homeostasis under these 295 conditions. Intracellular iron concentrations also were measured and found to be 296 V. cholerae mneA would suppress the manganese sensitivity of the E. coli mntP 346 mutant. As expected, wild type E. coli grew well on LB agar containing 0.5 M 347 manganese, but the mntP mutant did not grow under the same conditions (Fig. 5) . 348
Providing mneA on a plasmid allowed growth of the E. coli mntP mutant, as well as 349 the V. cholerae mneA mutant (Fig. 5) . The ability of mneA to functionally substitute 350 for mntP suggests that these proteins may have a similar function. Manganese (MnCl2, 100 mM) 11 ± 0 24 ± 1.7
Nickel (NiCl2, 100 mM) 11 ± 1 11 ± 1
Copper (CuSO4, 100 mM) 9 ± 0.6 9 ± 0 Zinc (ZnSO4, 100 mM) 9 ± 0.6 9 ± 0.6 
